A new multidimensional scoring approach for identifying and distinguishing trimeric and dimeric coiled coils is implemented in the MultiCoil program. The program extends the two-stranded coiled-coil prediction program PairCoil to the identification of three-stranded coiled coils. The computations are based upon data gathered from a three-stranded coiled-coil database comprising 6,319 amino acid residues, as well as from the previously constructed two-stranded coiled-coil database. In addition to identifying coiled coils not predicted by the two-stranded database programs, MultiCoil accurately classifies the oligomerization states of known dimeric and trimeric coiled coils. Analysis of the MultiCoil scores provides insight into structural features of coiled coils, and yields estimates that 0.9% of all protein residues form three-stranded coiled coils and that 1.5% form two-stranded coiled coils. The MultiCoil program is available at http://theory.Ics.mit.edu/multicoil.
Coil program simultaneously computes PairCoil scores based on each database to obtain a multidimensional score vector. The strength of a residue's dimeric score relative to its trimeric score in this multidimensional scoring space determines its classification as a two-stranded, three-stranded, or noncoiled coil. The MultiCoil program then converts the multidimensional score into a mathematically justified estimate of the probability that the residue is in a trimeric, dimeric, or noncoiled coil. Because the multidimensional score is used simultaneously for both the prediction of coiled coils and the classification of their oligomerization state, MultiCoil implements a single unified scoring algorithm.
Another scheme for distinguishing dimeric coiled coils from trimeric coiled coils has been proposed by Woolfson and Alber (1995) . In their approach, a coiled-coil predictor is first used to locate potential coiled-coil regions under loose criteria dominated by hydrophobic considerations, and these regions are then classified as trimeric or dimeric. Woolfson and Alber show that all sequences in a selected dimeric data set score above zero, whereas all sequences in a selected trimeric data set score below zero. This compares with the results presented here for the MultiCoil program, which correctly classifies the oligomerization states of the test coiled-coil data sets. However, unlike MultiCoil, the program of Woolfson and Alber does not give confidence probabilities to the classifications, and coiled-coil predictors based upon hydrophobic content without considering pairwise interactions between heptad-repeat positions are prone to false positive predictions (Berger et al., 1995) .
In this paper, the performance of the MultiCoil program is measured, both in terms of its ability to identify and classify sequences of known two-and three-stranded coiled coils, as well as its performance on databases of sequences with unknown structures. The program correctly classifies the oligomerization state of all sequences from the known databases, without returning any false positives. As in PairCoil (Berger, 1995; Berger et al., 1995) , the use of pairwise residue correlations for the MultiCoil computations provides significantly better performance than was achieved by using single-frequency methods with MultiCoil. In addition to classifying individual sequences, MultiCoil scores give a measure of which pairwise residue interaction distances are most influential in differentiating among dimers, trimers, and noncoiled coils. These results support packing models previously proposed for residuespecific interactions within coiled coils that affect the oligomerization state (Harbury et al., 1993 (Harbury et al., , 1994 (Harbury et al., , 1995 . The distribution of the MultiCoil scores is consistent with the hypothesis that trimeric coiled coils allow for more freedom in packing than dimeric coiled coils (Woolfson & Alber, 1995) . A maximum likelihood approach is also used to estimate the fraction of all residues in proteins that fold as trimeric coiled coils and the fraction that fold as dimeric coiled coils.
Results

Scoring dimensions
The results reported in this paper were obtained using MultiCoil scores based upon pairwise interactions for residues distances 3,4, and 5 apart with the trimeric table, and distances 2, 3, and 4 apart with the dimeric table. These distances were chosen as the scoring dimensions that best balanced the performance of the program for both accurately locating coiled coils and for distinguishing dimeric and trimeric coiled coils (see Table 1 ). Fitting Gaussians to the aA scoring dimension is determined by the table (dimeric or trimeric) and the scoring distance (1-7) used. The entries were used to determine three distances for each table, which were used to compute the results reported here. For each pair of data sets in the first row, the second row lists the scoring dimensions that best separated the data sets. Relevant distances had the smallest painvise overlap of the Gaussians fit to the scores from that scoring dimension for the database sequences. Because it is to be expected that the dimeric scoring dimensions are most relevant to the two-stranded database and that the trimeric scoring dimensions are most relevant to the three-stranded database, the scoring dimensions were considered accordingly. The distances are listed in increasing order of overlap between the two Gaussians.
score distributions on each of the known data sets, distances 3 and 4 had the smallest overlap between both coiled-coil databases and the noncoiled-coil data. For distinguishing dimers from trimers, distance 5 had a small overlap when using the dimeric table, and distance 2 was best for the trimeric table. These optimal distances may have structural roots: for example, distances 3 and 4 include the a to d and d to a interactions essential for coiled-coil formation, whereas distances 5 and 2 may be useful for distinguishing trimers from dimers based upon g to e and e to g dependencies.
Score distribution of dimers, trimers, and noncoiled-coil sequences
Using the OWL database (release December 17, 1995) (Akrigg et al., 1988; Bleasby & Wootton, 1990) to approximate the space of all proteins, a maximum log likelihood analysis of the distribution of MultiCoil scores on the known dimeric, trimeric, and noncoiled-coil databases resulted in an estimate that 1.5% of all residues occur in dimeric coiled coils and 0.9% occur in trimeric coiled coils. Running on the Protein Identification Resource (PIR, release 38.09, 1994) gave comparable estimates of 2.25% dimeric and 0.8% trimeric. These estimates agree well with the estimate given in Berger et al. (1995) that 1 in every 50 residues is in a coiled coil, and the estimate of Lupas et al. (1991) that 1 in every 30 residues is in a coiled coil. A three-dimensional surface representing the magnitude of the log likelihood versus the values for the estimated fraction of residues occurring in dimeric and trimeric coils (Pdrm and P,,,, respectively) is shown from various perspectives in Figure 1 . The rate at which the plots fall away from the maximum value as the dimeric and trimeric probabilities are varied gives an indication of the certainty of the estimated probabilities. There are caveats to the estimates obtained from the MultiCoil scores. First, the databases (OWL and PIR), which were scored as approximations of the set of all proteins, are by no means complete Plots of the log likelihood surface from various perspectives, as the probability of b e i g in a dimeric (pdi,,,) and a trimeric ( P h ) coiled coil vary. The rate at which the plots fall away from the maximum with changes in the probabilities indicates the confidence in the result of the maximum log Wrelihood analysis. The color is proportional to the surface height (red is the highest point), and represents the total log likelihood (minus the maximum value) for values of pdi, and Pl,,,. The upper panel shows the entire surface, and the lower panels show the variation of the log likelihood with the two probability parameters. The total log likelihood is maximized at pdi, = 0.015 and Pt,;, = 0.009.
and may be biased. Second, the databases used to represent dimers and trimers are also incomplete. Additional data (especially in the case of trimers) could affect the results easily. Nevertheless, given the limited data available currently, it appears that approximately 3% of protein residues will be in coiled coils.
Separation of data sets and classification: Advantages of multidimensional scores
The simplistic method of independently running the PairCoil program using frequencies gathered from the dimeric and trimeric databases was found to be insufficient to distinguish between trimeric and dimeric coiled coils. The overlap of the scores when running on the three known databases is shown in Figure 2 (top). This overlap decreases when the scores are viewed as a multidimensional vector. Figure 2 (bottom) plots the distribution of scores in a two-dimensional space of dimeric PairCoil scores versus trimeric PairCoil scores, due to the difficulty of visualizing the actual 14dimensional space used by MultiCoil. Each sequence from a coiled-coil data set was removed from the probability table for that data set before scoring in order to decrease bias. A cursory examination reveals that the scores for each data set fall into distinct clusters that have a Gaussian-like density.
Classification of sequences in the known databases
The MultiCoil program predicts potential coiled coils with a probability divided into a dimeric and a trimeric portion. The sum of these two probabilities is the total probability for forming a coiled coil. Taking the ratio of the trimeric (or dimeric) probability to the total coiled-coil probability gives the probability that the predicted coiled coil is trimeric (or dimeric). Values greater than 0.5 for this Bottom: Improved separation with multidimensional scores. The x-dimension score was computed by PairCoil with probabilities from the two-stranded database, and the y-dimension score was computed using the three-stranded probability table. Paircoil scores based on the two-stranded database were computed using distances 3,4, and 5. Scores with probabilities estimated from the three-stranded database were computed using distances 2, 3, and 4. Distances were combined using the method of Berger et al. (1995) . Heights of histograms were normalized. trimeric oligomerization ratio indicate a predicted trimer, whereas values less than 0.5 indicate a dimer. Care should be taken not to confuse the trimeric (or dimeric) oligomerization ratio with the trimeric (or dimeric) probability. The oligomerization ratio is a useful device for classifying coiled coils as dimeric or trimeric, whereas the probability measures the strength of identification for the coiled coil.
The MultiCoil program correctly classified all sequences in the coiled-coil databases as dimeric or trimeric. The x coordinate of Figure 3 shows the distribution of the trimeric oligomerization ratios for the sequences in the two coiled-coil databases. The y coordinate plots the total coiled-coil probability for each sequence, representing the confidence with which each sequence is located as a coiled coil. Each sequence was removed from its probability table before scoring. The worst (highest) trimeric oligomerization ratio by a dimer was Fl;A27040: chicken neurofilament triplet M protein, which scored 58% dimeric probability and 19% trimeric probability (25% trimeric oligomerization ratio). The worst (lowest) oligomerization ratio by a trimer was L25541: human S laminin, which scored 30% dimeric probability and 38% trimeric probability (56% trimeric oligomerization ratio). In addition, the probabilities for the sequences in the database of noncoiled-coils (PDB-minus) are also plotted. The highest total coiled-coil probability from the PDB-minus was 33% (17% dimeric probability, 16% trimeric probability, residues 31-61) by 1LE2: lipoprotein. The structure of lipoprotein has been shown to include a four-cr- and sequences in the three-stranded database (0) given by the MultiCoil trimeric oligomerization ratio. The y-axis represents the predicted coiledcoil probability for each sequence. Larger y values indicate greater confidence that the sequence contains a coiled coil. The x-axis represents the trimeric oligomerization ratio for each sequence. Values greater than 0.5 represent trimeric predictions by the program. The further the value from 0.5, the greater the confidence in the prediction. Sequences from the noncoiled-coil data set PDB-minus ( X ) are also plotted.
helical bundle, which bears structural similarities to coiled coils, but is not a coiled coil (Wilson et al., 1991) . The other scores above 20% from the PDB-minus were: (1DPI: DNA polymerase I [Klenow fragment], 6% dimeric probability, 22% trimeric probability, residues 556-584); (1NGI: hydrolase, 4% dimeric probability, 21 % trimeric probability, residues 248-276); (ICSG: cytokine, 0% dimeric probability, 22% trimeric Probability, residues 14-41). The solved structures of these regions all include a-helices. All dimers scored above the total probability predicted for lipoprotein. From the trimeric database, all but the lamprey gamma fibrinogen strand, the heat shock factor proteins, and chicken fibrinogen beta strand scored above lipoprotein. The lamprey fibrinogen strands align only moderately well with the other fibrinogens in the database, which may account for the moderate scores of lamprey fibrinogen. It has been hypothesized that a number of heat shock factor proteins can form both homo-trimeric and hetero-dimeric coiled coils (Rabindran et al., 1993) . The scores for these lowscoring trimers were: Kluyveromyces lactis heat shock factor: 19% (1 % dimeric probability, 18% trimeric probability); Succhuromyces cerevisiue heat shock factor: 17% (3% dimeric probability, 14% trimeric probability); lamprey fibrinogen gamma chain: 1 1 % (1 % dimeric probability, 10% trimeric probability); and chicken fibrinogen beta chain: 6% (1% dimeric probability, 5% trimeric probability). All other sequences scored above 50% total coiledcoil probability, except for: Xenopus luevis gamma fibrinogen: 48% (6% dimeric probability, 42% trimeric probability); lamprey fibrinogen alpha2 chain: 35% (6% dimeric probability, 29% trimeric probability); lamprey fibrinogen beta chain: 33% (12% dimeric probability, 21% trimeric probability).
Thus, using a cutoff of 50% for the total coiled-coil probability, there are no false positive sequences and no false negatives in the dimeric data set, and only four trimeric sequences that score below the highest scoring negative (33%). All of the coiled coils in the database have a nonzero predicted chance of forming a coiled coil (with the lowest probability at 6%). For the 253 sequences in the PDB-minus database, 201 scored 0% coiled-coil probability, with 236 scoring below 6%, and all but four scoring below 20%. It is expected that the performance will improve even more as other three-stranded coiled-coils are discovered and the three-stranded database is increased in size.
MultiCoil on "unknown" test datu
The MultiCoil program was run on the envelope, spike, and glycoproteins obtained from the PIR and GenPept [a translated version of GenBank (release 73, September 1992)], as well as on a set of dimeric coiled coils with the leucine-zipper motif (Hurst, 1994) . A bound of 0.5 on the maximum residue coiled-coil probability over the sequence was used as a cutoff for finding coiled coils. Figure 4 shows the distribution of the sequence probabilities using the 0.5 cutoff (note that a sequence probability can be below 0.5 even though the maximum scoring residue is above 0.5; see methods). Using the 0.5 cutoff, 103 of 1,013 sequences in the envelope protein database were found as coiled coils (83 of which were classified as trimeric) and 41 of 53 sequences were found from the leucine zipper database (39 of which were classified as dimeric). Using a cutoff of 0.1, 191 of the envelope proteins and 50 of the leucine zippers were found.
It has been hypothesized that many of the envelope proteins are trimeric coiled coils Lu et al., 1995; Fass et al., 1996; Chan et al., 1997) . The distribution of MultiCoil scores supports this hypothesis. In general, the leucine zipper se- Fig. 4 . Distribution of the predicted sequence probabilities and oligomerization ratios for MultiCoil run on a database of sequences containing the leucine-zipper motif ( X ) and for the envelope spike proteins and glycoproteins (0) . which are hypothesized to include a number of trimeric coiled coils. The y-axis represents the predicted coiled-coil probability for each sequence. The x-axis represents the trimeric probability ratio for each sequence.
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quences tend to score as dimeric. It is of interest that, as the total coiled-coil probability for the sequence increases, the clustering of the envelope proteins tends more toward the trimeric region. whereas the leucine zipper data set tends to cluster more tightly in the dimeric region of the space.
Performance on other types of coiled-coils
Despite the fact that the MultiCoil program was designed for the location of parallel dimeric and trimeric coiled coils, it can also provide insight into other structures. The five-stranded coiled coil in COMP (accession L323 17) (Malashkevich et al., 1996) was predicted at 54% (14% dimeric, 40% trimeric) from residues 33-68. In contrast, the dimeric-based programs PairCoil and COILS (using windows of size 28 and the MTK matrix) scored the region under 5% (the MTIDK matrix of COILS scored it at 91%). However, the antiparallel tetramer ROP (accession P03051) (Munson et al., 1994) was not located as a coiled coil by MultiCoil or the other prediction programs. For the antiparallel trimer spectrin (accession X14519) (Pascual et al., 1996) . all programs found coiled coils, however, none of the programs predicted correctly all three helices observed in the structure. Using a 0.5 bound, the MultiCoil score for the entire sequence was 66% (43% trimer, 23% dimer), with a maximum residue score of 88% (71% trimer, 17% dimer). For the antiparallel dimer seryl-tRNA synthetase (accession X91 257) (Funjinaga et al., 1993; Oakley & Kim, 1997) . the MultiCoil program only located a coiled coil with probability 3%, whereas PairCoil scored 38% and COILS scored 84%. However, when the MultiCoil dimeric scoring distances were changed to match the PairCoil scoring distances ( I , 2, and 4) and only the best trimeric distance 4 for locating coiled coils was used, MultiCoil located the coiled coil with score 35% (15% dimeric, 20% trimeric). The fact that other distances give higher scores is to be expected, because the MultiCoil scoring dimensions were optimized for locating and distinguishing dimeric and trimeric parallel, not antiparallel coiled coils.
Predictions for protein sequences derived from the GCN4 leucine zipper Figure 5 gives an example of the residue probabilities across the yeast GCN4 sequence as displayed by the MultiCoil program. GCN4 forms a two-stranded coiled coil in its final 30 residues (O'Shea et al., 1989 (O'Shea et al., , 1991 . and these residues are classified as a two-stranded coiled coil by MultiCoil with a score of 80% (82% dimeric oligomerization ratio). A number of mutations in the res- "The first column gives the residues that were placed in registers a and d in the leucine-zipper region of the mutated proteins. The second column gives the actual oligomerization state of the protein. The third column gives the sum of the MultiCoil dimeric and trimeric predicted probahilities. representing the conlidence with which the sequence is predicted to form a coiled coil. The final column of trimeric oligomerization ratios represents how confidently the program predicts the sequence to form a trimer. given that it forms a coiled coil. Values near 0% are dimeric predictions. and values near 1 0 0 % are trimeric predictions.
been shown to change the preferred oligomerization of the coiled coil (Harbury et al., 1993) . Table 2 lists several of these mutations, the actual oligomerization state of the sequence, and the coiled-coil probability predicted by the MultiCoil program, along with the predicted trimeric oligomerization ratio. Although none of the GCN4 mutations scores exceedingly strongly in any oligomerization state, using 50% as a cutoff, they are all classified correctly, excluding the tetrameric coiled coil. The a + V, d + L mutation, which forms both trimers and dimers, has a trimeric oligomerization ratio of 31%.
Discussion
Comparison with other methods
Because the MultiCoil scorer uses the PairCoil scorer as a subprocess, many of the regions found by PairCoil (with the dimeric database) are also found by MultiCoil. In fact, many of the probabilities for regions predicted by PairCoil showed striking agreement with the total residue probabilities predicted by MultiCoil, despite the fact that the two programs compute probabilities from scores in different ways. MultiCoil generalizes the PairCoil program to locate more trimeric coiled coils and to give an idea of each coiled coil's bias for a particular oligomerization state. . 1989. 1991) . The predicted dimeric prohahility is plotted in black and the trimeric probability is plotted in stripes (that appear gray in the program). MultiCoil prohahility predictions for classifying the entirc sequence are also shown at the left of the figure. using a hound of 0 in the computations.
Dimer Probabilities in Black Trlmer Probabllltles In Gray
Dlfferences between the &ta sets
The distribution of scores in Figure 2 indicates that the separation between the PDB-minus and the dimers is better defined than the separation between the scores for the PDB-minus and the trimers. This observation supports the hypothesis that trimers have fewer constraints on them than dimers because they have more packing freedom than dimers (Woolfson & Alber, 1995 ). An additional factor that contributes to this overlap is the small number of sequences that have been shown to contain three-stranded coiled coils, resulting in the small size of the three-stranded database. Hence, the trimers are more difficult to distinguish from noncoiled coils than dimers. In addition, the PairCoil scores using the trimeric database for both coiled-coil data sets shown in Figure 2 (top right) range over roughly the same values. The similar range of scores indicates that many of the properties needed to form dimers are captured by the statistical distribution of the three-stranded coiled-coil data set. However, the reverse is not true. The PairCoil scores for trimers using the dimeric database overlap significantly with the noncoiledcoil scores and are noticeably lower than the scores for the twostranded coiled coils. Thus, the dimeric table fails to pick out some of the statistical features that are important for distinguishing threestranded coiled coils from noncoiled-coil sequences. This is consistent with the fact that a number of coiled coils in the three-stranded database are not identified or are not identified in the correct register by the PairCoil program.
Improving performance
The best way to improve the performance of the MultiCoil program does not involve changing the program, but instead, expanding the trimeric data set. The three-stranded coiled-coil database consists of only 6,319 residues, a small fraction of the size of the 58,191-residue two-stranded database. The current lack of a large database of trimeric coiled coils limits the accuracy of the statistical information that can be extracted from the database. As more trimeric coiled-coil structures are discovered, their addition to the database should improve the separation between the PDB-minus and the trimeric data set. The learning algorithm of Berger and Singh may provide another method to increase the size and diversity of the databases (Berger & Singh, 1997) .
Materials and methods
Databases and probability estimates
A database of noncoiled-coil sequences was constructed from sequences with solved crystal structures in the Brookhaven Protein Data Bank (PDB, February 1994), and is represented by PDBminus (Berger et al., 1995) . Two databases of dimeric and trimeric coiled coils were also constructed. The construction of the twostranded coiled-coil database is discussed in Berger et al. The three-stranded coiled-coil database was constructed from 42 sequences. The proteins in the three-stranded database have been characterized in the following references: laminins (families A, Bl, and B2 chains) (Pikkarainen et al., 1987 (Pikkarainen et al., , 1988 Sasaki et al., , 1988 Monte11 & Goodman, 1988 Hunter et al., 1989 Hunter et al., , 1992 Engel, 1992; Kallunki et al., 1992; Nomizu et al., 1992; Beck et al., 1993; Porter et al., 1993; Gerecke et al., 1994; Vuolteenaho et al., 1994; Wewer et al., 1994) , fibrinogens (families a, j?, and y chains) (Chung et al., 1981 (Chung et al., , 1983a (Chung et al., , 1983b Crabtree & Kant, 1982; Rixon et al., 1983; Crabtree et al., 1985; Strong et al., 1985; Bohonus et al., 1986; Koyama et al., 1987; Wang et al., 1989; Pastori et al., 1990; Weissbach & Grieninger, 1990; Pan & Doolittle, 1992) , K. lactis heat shock factor (Peteranderl & Nelson, 1992) , S. cerevisiae heat shock transcription factor (Sorger & Nelson, 1989) , influenza virus hemagglutinin (Bullough et al., 1994) , Moloney murine leukemia virus ( Fass et al., 1996) , fibritin encoded by Wac gene for bacteriophage T4 and K3 (Efimov et al., 1994) , gp17 leg protein in bacteriophages T7 and T3, and macrophage scavenger receptor protein (Conway & Parry, 1991) .
Additional coiled-coil regions for fibrinogen and laminin sequences from species not discussed in the papers cited above were identified by using sequence alignments obtained from the program PILEUP (Genetics Computer Group, 1994) . Fibrinogen strands were aligned with the corresponding human sequences characterized by Conway and Parry (1991) . The laminin A chains were aligned with Conway and Parry's trimeric coiled-coil predictions for mouse A chain. Strands from the B1 and B2 laminin families were aligned with the corresponding human sequences.
The guidelines for determining which regions of the sequences to include were as follows. The seven residues before and the seven residues after skips, deletions, and register shifts in alignments were cut because of uncertainties as to the exact location of such structural changes. The seven residues before and the seven residues after each proline were cut from any coiled-coil regions because prolines are helix breakers (Conway & Parry, 1988) . Only coiled coils of at least 28 residues were included in the frequency counts, consistent with the finding that short, stable coiled coils are approximately four heptads long (Lau et al., 1984; O'Shea et al., 1989; Lumb et al., 1994) .
The frequencies of amino acids in heptad-repeat positions in the databases were used to estimate the corresponding single and pair probabilities for use in the MultiCoil algorithm, as discussed in Berger et al. (1995) . Based on empirical measures of performance, the frequencies used to estimate probabilities were adjusted so that zero frequency events were given frequency 1/3 when estimating the probabilities. This method is discussed in Berger et al., where a value of 1/5 was used instead of 1/3. Single probabilities for residues B, Z, and X were calculated as follows. The probability of B was computed by averaging the probabilities of the asparagine and aspartic acid residues. The probability of Z was obtained by averaging the probabilities of glutamine and glutamic acid. An unknown residue, X , was given probability 1/20 in all databases, because there are 20 amino acids that could occur in the unknown position. Pairwise probabilities for these residues were computed analogously.
The algorithm
The MultiCoil program can be divided into a scoring phase and a conversion phase, in which the scores obtained are converted into probabilities that the scores identify a dimeric, trimeric, or noncoiledcoil structure. MultiCoil uses the PairCoil scorer implemented in Berger et al. (1995) as a subprocess to compute scores for each residue in a sequence. Recall that the PairCoil program predicts a region to be a coiled coil based on window scores, where a window consists of w contiguous residues in the sequence with an assigned heptad-repeat position. The window score is computed from the pairwise probabilities estimated from the databases. A score for each residue in a particular heptad-repeat position is obtained by taking the maximum score over the windows containing that residue in that register. The PairCoil score for the residue is the maximum of the seven possible heptad-repeat position scores. The results presented here are based on scoring windows of size 28 (four heptads). Scoring windows of size 21 and 14 were found to predict less accurately. The painvise interaction distances used to compute the scores are variable parameters to PairCoil, ranging between one and seven. Distance d corresponds to computations based on painvise probabilities for residues lying distance d apart in the sequence, as well as on the single probabilities. The multidimensional MultiCoil scorer performs a separate run of PairCoil for each of the seven possible painvise interaction distances. The result is a vector of seven different predictive scores based on different models of interactions between the residues in the coiled coil. Two types of PairCoil scores are computed for each of these interaction distances. Dimeric PairCoil scores are computed from the residue probabilities estimated from the dimeric database, and trimeric PairCoil scores are computed from the residue probabilities estimated from the trimeric database. Thus, MultiCoil computes a 14-dimensional score vector composed of seven dimeric scores and seven trimeric scores for each residue.
Converting scores to probabilities
To convert a set of scores into probabilities, the scores for each class (dimers, trimers, and noncoiled coils) were assumed to be Gaussian distributed in each of the 14 dimensions. The expected range of scores for the data classes is therefore characterized by 14 means and by the 14 X 14 covariance matrix of a multivariate Gaussian distribution. For each class, let denote this vector of the means along each of the 14 scoring dimensions. Similarly, let &lass be the covariance matrix for the class. These Gaussian parameters were determined experimentally by running the MultiCoil scoring program on the databases of known sequences for each of the two-stranded, three-stranded, and PDBminus databases discussed in the first section of Materials and methods.
The positive databases of dimers and trimers were handled specially when computing the Gaussian parameters in order to reduce biased scores, because the program uses probabilities estimated from these databases to score the sequences. Each residue in a sequence from a positive database was scored in two different ways, and these scores were averaged in order to obtain a final score. The sequence was first scored using a probability table created by removing that single sequence from the database. The sequence was then scored again using a probability table in which the entire family of sequences with which the test sequence was aligned in creating the database was also removed. This method was used in order to maintain the characteristics of the residue probabilities computed from the database, while making the test sequence score in a fashion similar to a sequence "unknown" to the database. For the dimers, the families consisted o f four families of keratins; intermediate filaments comprising vimentin, desmin, and glial fibrillary acidic protein; one family for each of neurofilament H, L, and M; lamins; myosins; tropomyosins; and paramyosins (Berger et al., 1995) . For the trimers, the families were: laminin A chains (including alpha chains and merosin); laminin B1 chains (including beta and S laminins); laminin B2 chains (including gamma); fibrinogen alpha chains; fibrinogen beta chains; fibrinogen gamma chains; and each of the other individual sequences described previously in the the first section of Materials and methods.
Having fixed the Gaussians for each of the three data sets, an arbitrary score vector can be classified into one of these three classes of dimeric, trimeric, and noncoiled-coil structures. When run on an arbitrary sequence, the MultiCoil program computes a 14-tuple of score values x for each position in the sequence. By standard statistical analysis (James, 1985) , the probability that score x belongs to each class is computed as follows. Let u,(x) denote the value at the score vector x of the multivariate Gaussian determined for class i (where the classes range over i = dim for dimers, i = trim for trimers, and i = non for noncoiled coils). This value is given by the matrix computation where n = 14 is the number of score dimensions, IZ,I is the determinant of Si, and y T is the transpose of vector y .
The probability of being in class i is the fraction of the total Gaussian value from all three classes that is contributed by that particular class, where the Gaussian for each class is weighted by an initial probability of being in that class. For these initial probabilities, let f , denote the probability that a residue chosen at random from any protein sequence lies within class i. Then, the total Gaussian weight for a score x is Total-gauss (x) = Pd,m * udtrn(x) + f r r i m * u t r t m ( x ) + f n o n * U r~o n (~) .
This gives f r[x belongs to class
total-gauss (x).
Therefore, to convert scores to probabilities, estimates for the initial probabilities that a random protein residue is in a dimeric or trimeric coiled coil are needed (i.e., estimates for f d r m and f,,,). Note that, for simplicity, it is assumed that each residue can be classified as dimeric, trimeric, or noncoiled coil. This means that the fraction of noncoiled-coil residues is f,,, = 1 -f d , , -f,,,,. Making this assumption means that other higher-order oligomerization states of coiled coils will be classified into one of these three classes.
Estimating the fraction of residues that are dimeric and trimeric
The values of fdrmr PI,.,,, and f,,,,, along with the three Gaussians, define a distribution on the space of score vectors. The Gaussians have already been fixed by fitting to the MultiCoil scores for the known databases. Varying the initial probabilities fdjmr f,,,, and f , , , changes the distribution these Gaussians define for all residue scores. A second distribution for the score vectors is defined by running the MultiCoil scorer on all residues in all protein sequences. The two distributions should be fairly similar when and f,,, are fixed at their actual values. To this effect, the two unknown parameters f d r m and P,,., were estimated using a maximum log likelihood analysis (Hartigan, 1975) . The MultiCoil scoring program was run on the OWL database (release December 17, 1996) (Akrigg et al., 1988; Bleasby & Wootton, 1990) of proteins in order to approximate the distribution of score vectors on all proteins. Letting f d i m and Plrim vary, the two distributions agree best when the total log likelihood is maximized, where the total log likelihood is given by and the sum is over all score vectors n for residues in OWL Coiled-coil and sequence probabilities
The methods presented in the previous sections compute probability predictions for each residue in the sequence. In general, residue probabilities can vary significantly over the length of a predicted coiled coil. It is desirable to combine the information into one score for the whole coiled coil or sequence. Coiled-coil probabilities and sequence probabilities are defined here in order to automate the process of classifying sequences as dimeric, trimeric, or noncoiled coil. The first step in this process involves defining when the residue probabilities indicate that the residue is likely to be in a coiled coil. To this effect, a bound between 0 and 1 is set so that residues with total coiled-coil probability above the bound are marked as coiled coil (where the residue's total coiledcoil probability is the sum of its dimeric and trimeric probabilities).
The coiled-coil scores are computed as follows. All residues with a predicted coiled-coil total probability above the bound are marked. Contiguous regions of marked coiled-coil residues are grouped as one coiled coil. Weighted averages for the dimeric and trimeric residue probabilities across the whole coiled coil are then computed to give the entire coiled coil a single dimeric and a single trimeric probability. The weight for a residue is taken to be the residue's total coiled-coil Probability. The weighted average causes the strongest predicted coiled-coil residues to have the most influence on the predicted oligomerization state for the entire coiled coil. Formally, the dimeric probability for the entire coiled coil is computed from the MultiCoil probabilities as Classification probabilities for the entire sequence are computed similarly. That is, the weighted average of all sequence residues above the bound is taken. Taking the ratio of the trimeric (or dimeric) probability to the total coiled-coil probability gives the probability that the sequence is trimeric (or dimeric), assuming that the residues that score above the bound are, in fact, part of a coiled coil. This ratio represents a probability for differentiating trimeric coiled coils from dimeric coiled coils, and is called the trimeric (or dimeric) oligomerization ratio.
Using fewer dimensions for improved performance
By scoring along a subset of the 14 dimensions with Gaussian submatrices along those dimensions, the MultiCoil score can be tailored more specifically to the problem considered here, distinguishing dimeric from trimeric coiled coils and separating both of these classes of sequences from the noncoiled-coil sequences. Reducing the number of dimensions scored also increases the speed of the program and decreases the effects of over-fitting to spurious statistical data. Each scoring dimension defines a one-dimensional Gaussian distribution of scores for the three structural classes. In a sense, the dimensions that have the least area of overlap between their Gaussians are the best dimensions for classifying sequences correctly. The Gaussian overlaps were examined pairwise in order to determine which dimensions were best for distinguishing each pair of structural classes (Table 1) .
Appendix: Optimizing the performance of MultiCoil
For the results reported here, the scoring dimensions used were distances 3, 4, and 5 with the dimeric database, and distances 2, 3, and 4 with the trimeric database. These distances were chosen to locate and distinguish two-and three-stranded coiled coils simultaneously. Other sets of distances may be more suited to other applications. For example, if a region is known to be a coiled coil and MultiCoil is used only as a dimeric/trimeric distinguisher, distance 4 may not be the most relevant trimeric distance (see Table 1 ). The MultiCoil program allows for the scoring dimensions to be modified at the user's discretion. Changing the scoring dimensions changes which of the characteristics of the structures in the known databases are emphasized for classification.
Additional improvement in performance can be obtained by tailoring the parameters Pdrm and P,,, to the sequences being tested. These parameters represent the a priori probabilities that a random residue in a sequence is in a dimeric or trimeric coiled coil. They were optimized for the purpose of identifying coiled-coil sequences from a database of random sequences, without returning noncoiled-coil sequences. However, if the program is being run on a sequence that is known to contain a coiled coil, more accurate probability predictions may be obtainable by raising Pdim and P,rt, so as to incorporate this initial knowledge. For a sequence known to contain a coiled coil, eliminating false positives is less important than classifying the type of coiled coil, and the parameters may be adjusted accordingly.
Finally, the bound used to determine which residues are classified as coiled coils when computing the sequence scores and the coiled-coil scores may be adjusted. For scanning through a large database, the bound may be set relatively high in order to return only the most probable coiled coils. When running MultiCoil on a set of sequences thought to contain coiled coils, the bound may be set lower in order to classify even sequences with a weak propensity for coiled-coil formation.
Interpreting scores
The sequence and coiled-coil scores are the most straightforward scores to interpret. If the total coiled-coil probability is high (e.g., above 75%), then there is high confidence that the region forms some sort of a coiled coil. If most of that probability is contributed by either the predicted dimeric or the predicted trimeric probability, then the region is predicted to form that oligomerization state. In sequence regions where there is a significant amount of probability contributed by both oligomerization states, there are several interpretations. The region could very well be dimeric or trimeric (with scores falling in the area of overlap between the dimeric and trimeric data sets in Fig. 2 ). Scoring in this overlap area could also indicate that the bias toward one particular oligomerization state is not overwhelming, as with the GCN4 mutation, which forms both dimers and trimers (Table 2) .
Interpreting very weakly predicted coiled-coil regions is another difficult problem. As can be seen from Figures 2 and 3, the scores for known trimers and known noncoiled coils overlap. Hence, a coiled-coil probability under 50% does not mean that the region is definitely not in a coiled coil. It merely means that there is a greater chance for that region to be in a noncoiled-coil structure than in a coiled-coil structure. The program user must interpret the results on a case by case basis. Weakly predicted regions may actually form coiled coils, or may just possess some properties of coiled coils, but not fit the exact structure of a coiled coil. For example, ENV-SIVMI, Simian immunodeficiency virus ("142-83 isolate), has a predicted coiled-coil region at residues 636-679 of the envelope polyprotein with 58% total coiled-coil probability (44% trimeric, 14% dimeric). ENV-HVIH2, Human immunodeficiency virus type 1 (HXB2 isolate), scores 10% total coiled-coil probability (9% trimeric, 1 % dimeric) at residues 539-573 of the envelope polyprotein, and scores 15% total coiledcoil probability (15% trimeric, 0% dimeric) at residues 628-671. The core of HIV gp41 forms a bundle of six alpha-helices Lu et al., 1995; Chan et al., 1997) . Lipoprotein scores 33% total coiled-coil probability and forms a four a-helical bundle (Wilson et al., 1991) .
It is especially important to consider the strength with which the coiledcoil region is located when determining the confidence to place in the oligomerization state predictions. It was found in trial runs that the accuracy of the oligomerization ratio predictions decreased as the total predicted coiled-coil probability decreased. Because the low scores for the trimeric database tend to overlap with the high scores for the PDB-minus, many of the weakly predicted coiled coils tended to score as trimeric.
Interpreting residue scores
The MultiCoil residue scores (Fig. 5 ) indicate the regions of a coiled coil that contribute most to the predicted oligomerization state. In the case of sequences that are not classified strongly in one state by the coiled-coil scorer, the distribution of residue scores might provide additional information to help predict the structure of the region.
An additional point of interest in drawing conclusions from the program predictions occurs when examining the registers predicted by MultiCoil. Multiple heptad-repeat register can have a high score. The scores output by MultiCoil come from the maximum scoring register along each dimension, but the probabilities predicted for the other registers can be obtained as well. It has been suggested that register shifts in coiled coils occur over several positions in the sequence, where these residues simultaneously have characteristics of two heptad-repeat positions (Brown et al., 1996) . Multiple high-scoring registers in the MultiCoil predictions may suggest the presence of a register shift. Additionally, in some cases, one predicted register may give the coiled coil an apparent dimeric structure, whereas another register may predict a trimeric coiled coil. Knowledge of these alternative predictions may be useful in understanding the structure of the protein.
